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ABSTRACT 


A  number  of  significant  attempts  at  fabrication  of  the 
luneberg  lens  have  beer,  made  both  at  NRL  and  elsewhere.  Some 
of  these  attempts  have  resulted  in  lenses  of  practical  appli¬ 
cability,  if  suitable  limitations  are  accepted.  A  brief  resume 
jf  possible  applications  of  the  lens  to  problems  in  the  field 
of  microwave  radar  is  given,  and  the  state  of  the  art  regarding 
the  fabrication  of  the  lens  is  indicated. 
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APPLICATIONS  OP  THE  HJRE3LRG  IZKS 
J.I.Bbhnert  and  B.P. Coleman 


I.  INTRQDXT105 

The  latent  of  this  report  la  to  describe  briefly  »omo  poaalble  appli¬ 
cations  of  the  Lunaberg  lent!  and  to  indicate  the  present  state  of  the  art 
in  regard  to  the  lens.  It  is  felt  that  such  a  reporting  ie  timely  in  view 
of  the  great  Interest  being  shown  in  Luneberg  lenses. 

R.  K,  Luneberg^  developed  the  theory  for  this  spherically  symmetric 
lens  in  1944  as  an  academic  exercise  in  olaesioal  optics.  In  its  simplest 
and  best  known  form,  the  lens  focusses  an  inoldent  plane  wave  upon  re¬ 
ception  to  a  diametrically  opposite  point  on  its  surface.  See  Flg.l. 

Workers  in  optics  had  no  application  for  such  a  lens,  nor  could  they  construct 
one  if  they  wished.  Those  working  in  the  field  of  radar  were  quick  to 
realise  the  potential  usefulness  of  such  a  unique  focussing  device,  but  they, 
too,  could  not  build  one  for  lack  of  suitable  materials  and  fabrication 
techniques. 

The  bistory  of  the  Luneberg  lens  since  Its  conception  has  been  the 
history  cf  its  fabrication.  Several  laboratories  have  tried  to  construct  a 
lens,  bit  until  rocently  results  were  largely  impractical.  Later  in  this 
report,  a  brief  deeoription  is  given  of  these  efforts. 

The  Luneberg  lens  is  composed  of  a  dielectric  material  in  which  the 
dielectric  constant  varies  continuously  from  a  marl  mum  of  2  at  the  center 
to  unity  at-  the  surface.  Referring  to  Tlg.l,  this  variation  in  the  di¬ 
electric  constant  «  is  given  by  the  formula,  Cm2-  r*,  where  r  is  the 
normalized  radius.  The  sketch  In  flg.l  may  be  interpreted  as  being  in 
three  or  two  dimensions.  If  in  three  dimensions,  then  the  lens  is  a  sphere, 
the  source  point  S  lies  on  the  surface  of  the  sphere,  and  rf  energy 
emanating  from  3  is  collimated  into  a  cylindrical  shaft  of  energy  in  the 
direotion  diametrically  opposite  point  8.  If  in  two  dimensions,  then  the 
lens  13  a  thin  circular  dieo,  the  source  point  S  lies  on  the  circumference 
of  the  circle,  and  the  emergent  rf  energy  lies  in  the  plane  of  the  lens. 

In  the  two-dimensional  oase,  the  lens  proper  is  contained  between  metallic 
parallel  plates.  Is  both  the  three-  and  two-dimensional  oases,  character¬ 
istics  of  the  radiation  pattern  are  determined  in  the  usual  manner,  i.e., 
by  the  extent  of  the  lens  aperture  and  the  distribution  of  illumination 
over  the  aperture.  Pstttem  oharaeteristios  of  beam  width,  gain,  and  side 
lobe  level  have  only  recently  been  calculated  for  the  perfect  Luneberg2 
in  three  dimensions. 


^Luneberg,  R.K.,  "Mathematical  Theory  of  Optics,"  Brown  University 
Graduate  School,  Providence,  R.I.,  1944* 

2 Braun,  E.H, ,  "Radiation  Chars atari sties  of  the  Spherical  Luneberg  Lens," 
IRE  Treneae+lons  on  Antennas  and  Propagation,  Vol.AF-4,#2,  April,  1955 
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The  Lunebsrg's  focussing  properties  are  independent  of  frequency 
and  polarization,  also,  the  lens  is  mat-ci.od  to  sr-ee,,  so  that  there  is 
no  reflection  at  the  surface  where  €  a  1,  Any  practical  limitation  im¬ 
posed  by  the  radiation  pattern  or  impedance  is  due  to  the  maimer  in  which 
the  lens  was  built  or  to  the  materials  used  iu  its  ooni/iraction.  For 
example,  approximating  the  continuous  variation  of  €  by  a  number  of  discrete 
steps  establishes  an  upper  limit  of  frequency  beyond  which  the  lens  win  not 
focus,  As  another  example,  the  use  of  an  artificial  dielectric  which  is 
anisotropic  restricts  operation  to  a  preferred  polarisation  and  can  impose 
bandwidth  limitations.  As  stated  previously,  the  problem  is  hov  to  build  a 
practical  Luneberg  lens  to  meet  the  needs  of  a  particular  application. 

The  more  obvious  of  these  applications  are  outlined  in  the  following  section*. 


II .  APPLICATIONS 

There  are  numerous  possible  applioationr.  for  •!..  versatile  lens. 

Those  described  below  are  stated  in  general  terms  without  having  in  mind  a 
particular  system.  References  to  work  done  at  the  lhval  Research  laboratory 
are  givon  where  applicable  for  more  detailed  information. 

A.  41 T  Solid  Angle  of  Soa£> 

The  luneberg  is  unique  as  a  focussing  device  in  that  it  oan  soan  a 
beam  throughout  all  epaoe  without  any  deterioration  in  the  beam's  character¬ 
istics.  Referring  again  to  Big.!,  &s  the  point  S  is  positioned  on  the 
surface  of  the  sphere  the  transmitted  beam  is  always  diametrically  opposite. 
Since  the  lens  is  spherically  symmetric  there  is  no  preferred  position  of 


A  number  of  sources  may  be  utilized,  fed  either  sequentially  or 
simultaneously.  The  feed  motion  problems  inherent  in  obtaining  large 
angles  of  scan  by  moving  a  single  source  may  be  circumvented  by  the  use  of 
such  multiple  sources.  For  example,  the  feed  eyetem  may  consist  of  a  tvo- 
dimenelonal  array  of  sources  scanned  over  its  extent  by  some  rf  switching 
scheme.  This  type  of  scanning  has  been  accomplished  in  a  practical  design 
for  a  different  type  of  lens.’  A  one-dimensional  array  of  sources, 
scanned  over  its  length  while  being  moved  in  some  prescrioed  manner  over 
the  surface  of  the  Luneberg,  nay  also  be  used.  Such  a  feed  eastern  has  been 
demonstrated  in  the  laboratory  for  use  in  a  Cassegrain  type  of  scanning 
antrnna.  A  number  of  fixed  sources,  disposed  in  ^oma  manner  over  th*  sur¬ 
face,  is  another  possibility,  Theoe  3ouroes  need  not  be  identical,  bit 
may  differ  in  frequency  and  polarization.  The  sources  may  be  energized 
simultaneously  if  desired.  Applications  of  these  feeding  systems  is 
limited  only  by  one's  imagination. 


^Gabriel,  W.F.,  Archer,  D.H.,  Pbsler,  Q.D.M.,  and  Coleman,  H.P.,  "A  Volu¬ 
metric  Scanning  CCA  Antenna,"  URL  Report  (In  Process  of  Publioation) 
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E.  r>i  Scan  with  Stabilisation 


Scanning  may  be  confined  to  a  plane,  say  the  horizontal  plane,  to 
obtain  360°  of  scon.  For  simplicity,  one  may  visualize  a  single  aouroe  S 
rotating  in  a  circle  about  the  spherical  Lune berg ,  If  the  antenna  assembly 
is  mounted  on  an  unstable  base  n"oh  as  a  ship,  stabilization  of  the  beam 
on  the  horizon  may  be  desirable.  This  oan  be  aocompliBhed  by  moving  the 
source  3  in  a  vertical  direction  to  a  compensate  for  the  ship's  motion. 

JAieh  a  scheme  is  straightforward. 

Nora  then  one  source  may  be  used.  If  all  ths  sources  scanned  the 
horizon,  a  multi- beamed  surface-search  antenna  system  results.  If  the 
sources  scanned  at  various  vertical  angles,  a  ataoked-beam  cosecant— squared 
antenna  system  capable  also  of  height  finding  ie  possible.  Various  fre¬ 
quencies  of  operation  end  differing  polarizations  may  be  used. 

If  stabilization  is  not  required,  and  a  broad  vertical  beaarwldth  is 
acceptable,  then  for  simplicity  of  structure,  a  two-dimensional  luneberg 
is  preferable . 

C.  Seotor  Scan 

Much  of  what  wee  described  in  seotlons  A  and  B  could  be  repeated 
here  for  sector  scanning  if  the  sources  were  restricted  to  a  limited 
region  of  the  spherical  surface.  In  those  sections  the  symmetry  of  the 
Luneberg  was  exploited  so  that  it  may  appear  at  first  thought  that  in 
sector  scan  this  advantage  is  largely  wasted .  However,  it  is  still 
possible  to  exploit  ths  characteristic  by  means  of  reflecting  plans  mirrors. 

Consider  now  half  a  Luneberg  lens  as  shown  in  Fig. 2.  A  reflector  lo 
placed  In  contact  with  the  plane  surface  of  the  lens.  Hayn  emanating  from 
a  source  S  are  reflected  as  shown,  the  angle  of  reflection  being  equal  to 
the  angle  of  incidence.  9uoh  rays  are  perfectly  focussed,  just  as  In  the 
case  of  the  full  luneberg,  and  appear  to  come  from  the  virtual  aouroe  Sj. 
Movement  of  the  source  3  causes  a  corresponding  movement  of  the  beam  in 
the  opposite  direction. 

There  is  same  deterioration  of  the  radiated  pattern.  This  is  due 
to  the  faot  that  the  effective  aperture  for  the  reflected  beam  is 
1  ♦  cos  £  and  decreases  as  the  angle  fi  between  the  scuroe  and  the 
axis  of  symmetry  increases.  In  Fig, 2  it  is  seen  that  seme  of  the 
fooussed  radiation  from  the  source  S  misses  the  refleotcr  when  fi  dif¬ 
fers  from  zero.  This  radiation,  termed  the  direot  beam,  has  an  aperture 
of  1  -  cos^  .  Fig. 3  compares  theoretical  and  measured  pattern 
characteristics  of  a  36-inch  diameter  two-dimensional  Ians  of  the  type 
diagramed  in  Fig.2.  The  useful  scan  angle  from  such  a  lens  may  be  in¬ 
creased  somewhat  by  enlarging  the  reflector,  although  this  expedient 
hardly  esems  worth  while.  Absorbent  material  may  be  used  to  absorb  ths 
non- reflected  energy,  consequently  reduolng  side  lobe  levels. 


^Peeler, G.D.M.,  Kelleber,K.S.,  and  Coleman,  H.P.,  "Virtual  Source 
Luneberg  Lenses,"  KW,  Report  #4194,  13  July  1953 
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Fig.  3  -  Theoretical  and  Experimental  Data 
for  &  One-Reflector  Virtual  Source  Lena 


foaming  may  be  accomplished  by  moving  tne  feed  or  the  ienn,  in  the 
case  illustrated  in  Fig.?,  it  is  natural  to  think  of  the  feed  moving,  if, 
however,  another  half  Lane  berg  were  planed  on  the  other  aide  of  toe  re¬ 
flector,  one  might  v.'.nualize  the  lens  rotating.  In  this  c«ae  the  angular 
late  of  scan  is  twice  the  angular  rotation  of  the  lens,  TXie  to  beam  de¬ 
terioration  whan  the  source  approaches  the  reflector  edge,  the  effective 
scan  angle  in  somewhat  less  than  180  degrees,  Aa  in  the  case  of  the  full 
Lane  berg,  multiple  sources  may  be  used  to  aoan  several  sectors  simultaneous¬ 
ly,  either  in  tile  same  plane  or  in  various  planes. 

The  number  of  reflectors  is  not  limited  to  one.  It  has  been  snown^ 
that  for  any  odd  number  of  reflectors  the  beam  scans  us  described  for  a 
single  refleotor  as  the  lens  is  rotated,  while  for  any  even  nunber  of  re- 
fleotors  the  beam  does  not  scan.  In  the  latter  ca3o,  Jis  reflectors  behave 
an  corner  reflectors.  It  should  be  noted  that  the  use  of  reflectors  may  im¬ 
prove  the  mechanical  propertieo  of  the  lena  system  by  providing  support. 

What  has  beun  stated  above  for  the  Luna berg  with  a  refleotor  applies 
equally  to  two-  or  three-dimensional  lenses ,  For  the  three-dimensional 
lens,  stabilisation  may  be  accomplished  aa  described  in  section  8  by  move¬ 
ment  of  the  source  in  the  direction  normal  te  tne  motion  of  scan. 

Another  application  of  the  reflector  i3  illustrated  i»  Fig. L,  The 
reflector  is  Inclined  at  an  angle  <*  to  the  flat  surfaoe  of  a  half  luneberg 
and  the  source  S  la  on  the  exia  of  symmetry.  If  r~  4  5  degrees  or  less, 

then  the  beam  is  fairly  well  focussed  in  a  direction  making  an  angle  of 
approximately  2  at  with  the  source.  As  the  angle  «C  becomes  larger  than 
5  degrees,  the  beam  displacement  from  the  axis  becomes  more  nearly  equal 
to  •£  and  gain  decreases.  With  equal  to  P-0  degrees  the  gain  is  down 
3  db  and  the  beam  is  displaced  23  degrees  from  the  axis  of  the  system, 
ffcttem  characteristics  for  a  lens  in  which  the  reflecting  surface  only 
is  moved  ars  shown  in  Fig. 5-  This  data,  compared  with  that  shown  in  Fig. 

3,  relates  the  performance  of  the  two  lenses.  As  the  reflector  is  ro¬ 
tated  about  tne  axis  of  symmetry,  a  coiiical  scan  results.  A  spiral  scan 
can  be  obtained  by  continuously  varying  the  angle  0C  from  maximum  to  zer-  . 

D.  Passive  Reflector 

The  Luneberg  lena  may  be  use!  as  a  passive  re  11ectov  In  a  manner 
analogous  to  a  corr.»r  reflector.  A  reflecting  spherical  cap  is  placed  in 
contact  with  the  lens  as  illustrated  in  Fig, 6.  Incident  energy  is 
focussed  at  a  point  S  determined  by  the  angle  of  arrival.  The  rays  are 
reflected  at  S,  the  angle  of  reflection  being  equal  to  the  angle  of  in¬ 
cidence,  and  emerge  In  th*  f.amt-  direction  from  whence  they  cam®.  Perfect 
focussing  is  thus  obtained  lor  all  angles  of  arrival  within  the  extent 
of  the  reflecting  spherical  cap.  It  io  readily  seen  that  for  optimum 
performance,  the  cap  should  be  somewhat  less  than  a  hemisphere  to  prevent 
undue  shadowing  while  allowing  maximum  angle  of  coverage.-'  The  lime  berg 


^Gorr,  B.,  and  Jfalt,  F.S.,  "Modification  of  the  Urneberg  lens  to  Perform 
as  High-Ualn  Wide  Angle  lector,"  AFtrC  Internal.  Memorandum,  15  Feb  1956 


Fig.  4  •  A  Modification  of  the 
One-Reflector  Virtual  Source  Lena 


o  10  20  30  AO  50 

SEAM  POSITION  (DEGREES)  (MORN  AT  ZERO,  MOVING  PLATE) 


Fig.  5  -  Pattern  Characteristics  of  the 
Modified  Virtual  Source  Lena 


performs  bot-tar  eleo  rioally  tlian  the  oomer  reflector  einoe  it  ia 
effective  over  a  much  g’.ater  solid  eagle  end  it  focusses  perfectly,  thus 
o&xiaiilng  antenna  gain.  For  limited  angles  of  incidence  the  virtual  source 
type  of  lens  might  also  be  used  as  a  passive  reflector, 

There  are  many  applications  for  the  luneberg  as  a  passive  reflector, 
such  as  a  radar  target  or  a  radar  marker  for  navigation.  Those  applications 
do  not  in  general  impose  as  many  or  as  severs  retirements  on  the  Luna  berg 
as  do  applications  involving  the  transmission  of  high  rf  energy  levels, 
for  this  reason  the  first  luneberg  lens  to  he  commercially  produoed  is  the 
passive- re flootor  typo.  Spheres  up  io-.>6f  inches  in  diameter  are  advertised 
as  aholf  items.  The  spherical  cap  is  utilized  to  hold  the  Ians  in  position, 
providing  a  neat  solution  to  ths  support  problem. 

Attempts  have  been  made  to  simplify  the  Luneberg  to  the  utmost  as  a 
passive  refleotcr.  it  has  been  shown,  for  es&aple,  that  a  constant  di- 
eleotrio  sphere  with  4  a  4  has  fair  focussing  properties.  Some  thought 
hue  been  given  to  optimising  the  performanoe  of  a  sphere  utilising  only  two 
different  dielectric  materials.  Also,  a  oonbined  lens-comer  reflector  has 
exhibited  a  wider  angle  of  performance  than  just  a  corner  reflector,  lb 
doubt  other  improvements  will  emerge  a*  the  scope  of  applications  widens. 

II I.  PRACTICAL  008SIDBRATI01C 

As  stated  before,  use  of  this  very  versatile  lens  is  delayed  be¬ 
cause  of  fabrication  difficulties.  In  order  for  on*  to  understand  this 
situation,  it  is  helpful  to  be  familiar  with  the  specifications  Imposed  on 
a  Ianeberg. 

A,  Dieleotrlo  Ooneta.it 

The  dieleotrlo  constant  C  of  the  lens  varies  continuously  as 
C  s  2  -  r2,  from  a  value  of  2  at  the  canter  to  unity  at  the  surface. 

This  is  the  only  variation  for  a  sphere  with  the  source  on  its  surfaoe. 

If  the  shape  of  the  lens  is  altered,  or  if  the  source  Is  positioned  else¬ 
where  than  on  ths  surfaoe, a  a  different  law  of  variation  of  4  results. 

All  such  lave  known  to  the  authors  demand  an  «  greater  than  2* 

fabrication  of  sate rials  having  the  required  value  and  distribution 
of  f  within  a  sphere  bad  proved  to  be  an  insurmountable  obstacle  until 
quite  recently.  Tc  ds.te,  **>  way  has  been  found  to  Mk*  a  suooeesfUl 
luneberg  with  a  continuous  variation  ef  dieleotrlo  constant,  (boots* 
has  been  achieved  by  approximating  the  required  variation  of  4  by  dis¬ 
crete  steps,  that  is,  by  building  up  the  sphere  with  e  amber  of  oonoera- 
trlo  shells  of  a  given  €  .  The  first  suoh  practical  lens7  was  mad*  of 
a  mixture  of  shredded  polystyrene  and  expandable  polystyrene  beads*  This 
lens,  although  built  and  tested  over  a  year  ago,  has  not  yet  been  used  in 
an  antenna  aystea,  owing  largely  to  ita  high  cost  and  weight. 


°feton,  J.8.,  "An  Extension  of  the  Inna  berg-type  Lenses,”  ®IL  Report  #4110* 

16  fob  1953 

i J 

Peeler, U.D.M.,  Colenau,B.P.,  ELeotronios  Div.,  2KL,  and  ?olk,M.O., 

Aiming,  W.R.,  Emerson  &  Aiming,  Xno,,  "MLerovave  Stepped- Index  Luneberg 
Lenses,”  ERL  Report  #4843*  2©  Oot  1956 
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There  In  a  fundamental  limitation  Imposed  on  the  lens  by  the  present 
state  of  the  art  in  controlling  the  value  of  the  dieleotrlo  constant  of 
any  one  shell.  At  the  present  time,  no  manufacturer  has  demonstrated  his 
ability  to  roproduoe  shells  vhloh  are  isotropic  and  homogeneous  to  within 
a  tolerance  batter  than  ±  .02  in  dielectric  constant.  Sines  If  <  £ 2,  the 
number  of  shells  is  limited  to  25  at  the  most.  This  in  turn  limits  the  sis* 
of  the  lens,  for  the  thickness  of  the  shells  oannot  be  too  gross  as  compared 
to  the  wavelength  of  the  rf  energy  used.  There  is  no  known  relation  which 
can  be  applied  to  determine  how  many  shells  are  needed  for  a  lens  of  a  given 
else,  cr  how  large  a  lens  can  be  built  for  use  at  a  given  frequency.  This 
problem  is  being  worked  on8  and  preliminary  results ,  although  tremendously 
complicated,  indicate  that  it  may  be  possible  to  compute  a  relationship  be¬ 
tween  number  of  shells,  lens  size,  end  rf  wavelength.  *<-. 

Investigators  experimenting  with  Uine bergs  have  learned  to  make  rough 
estimates  of  the  number  of  sheila  required .  For  example,  from  previous  work 
done  at  this  laboratory  on  two-dimensional  lenses,  it  was  felt  that  ten  (10 ) 
steps  were  adequate  for  the  lft-inch  diameter  spherical  luneberg'  for  use  at 
X-band.  Measurements  showed  that  the  lens  performed  aa  predicted  at  a  wave¬ 
length  of  3*2  cm.  The  side  lobe*  were  down  by  about  18  db  as  compared  to 
a  level  of  20  db  predicted  by  Braun's  work.  The  aperture  efficiency  wss  63 
percent  which  compares  quits  favorably  with  65  percent  for  a  pfraboloid 
operating  urrter  the  in*  conditions.  At  1.8  am  the  side  lobes  rose  to  an 
avarage  of  15  db  and  when  the  Ians  wss  operated  at  0.8  am  no  position  of 
the  feed  could  be  found  where  the  lens  would  focus.  Mo  attempt  was  made  to 
obtain  a  general  relationship  between  the  number  of  step#  and  the  shortest 
wavelength  at  whiob  the  lens  would  focus,  einoe  this  would  be  costly,  time- 
consuming,  and  open  to  suspicion  duo  to  the  uncertainties  in  Ians  con¬ 
struction. 

B,  Wslsotrlo  lose 

Because  the  Luneberg  le  a  very  thiok  lens,  it  is  neoeeaary  thit  the 
Is-  laterlal  have  a  vary  low  dielectric  lose  characteristic .  Just  how 
low  whis  loss  should  be  depends  on  the  diameter  of  the  lane  in  terms  of 
wavelength.  An  exact  solution  for  the  actual  dieleotrlo  loose#  as  a 
function  of  the  lens  radius  would  be  difficult  to  obtain.  However,  the 
field  density  over  any  out  through  the  Ians  is  inversely  proportional  to 
the  square  of  the  lees  radius  and  the  volume  of  dieleotrlo  material  le 
directly  proportional  to  the  cube  of  the  radius,  A  fair  approximation  to 
the  dieleotrlo  losses  is  that  they  are  directly  proportional  to  the  lens 
radius.  It  is  obvious  than  that  the  lens  material  must  be  nearly  loss¬ 
less,  with  tan  <f  <  ,001  preferably.  This  requirement  puts  a  severe 
limitation  on  the  types  of  material  that  ean  bo  considered. 
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Also,  the  loss  faotor  Imposes  a  limit  on  the  else  of  the  lene.  There 
Is  no  point  1,1  contemplating  miorovave  lens  with  an  aperture  diameter  mu oh 
more  than  5C  wavelengths,  for  with  presently  aval la hie  materials  most  of 
the  transmitted  and  received  anerjcr  would  be  expended  in  the  lens.  For 
that  matter,  a  large  lens  poses  a  heat  transfer  problem,  as  the  dielectric 
material  is  an  excellent  heat  insulator. 

C.  Weight 

Another  important  consideration  ie  the  weight  of  the  lene.  If  poly¬ 
styrene  is  used  as  mentioned  in  section  A,  then  weight  rapidly  heoomee 
prohibitive.  Mystyrene  has  a  epeolfio  gravity  olose  to  unity,  so  that 
a  spherical  Uiseberg  made  of  polystyrene  has  a  specific  gravity  of  about 
one- third.  The  l&-inoh  diameter  lens  referred  to  previously?  weighs  about 
jj  1 u6 •  Support  Tor  the  full  sphere  is  &  problem;  the  use  of  metallic 
plane  mirrors  for  sector  scan  and  spherical  caps  for  the  passive  reflector 
ere  solutions  for  those  two  cases.  It  appears  likely  that  a  lens  with 
a  diameter  greater  than  3  feet  and  made  of  materials  now  available  would 
crush  part  of  its  fragile  outer  shells  if  placed  on  a  flat  surface. 

P.,  Other  Desirable  features 

The  outer  shell  of  the  Luneberg  must  of  neoeselty  be  tenuous,  since 
e  approaches  unity  on  thft  surface.  In  addition  to  the  strength  problma 
mentioned  above,  there  is  also  s  problem  of  porosity.  It  is  important 
that  no  water  find  its  way  into  the  lens  from  the  surrounding  staospberio 
conditions,  for  the.i  the  dieleotrio  loss  inoreases  prohibitively’.  Thus 
it  is  desirable  that  the  lens  material  be  unloellular  to  prevent  water 
absorption.  Added  protection  osn  be  obtained  by  placing  a  very  thin  and 
tough  waterproof  bag,  a  sort  of  tight-fitting  radons,  over  the  lens. 

The  teg-like  r adorns  Just  mentioned  can  provide  other  types  of  pro¬ 
tection.  It  ib  important,  for  example,  that  tlic  lens  possess  good 
reslstanoe  to  weathering.  Without  sene  kind  of  redone,  the  fragile 
outer  shell  would  weather  poorly.  Aloo,  the  lens  must  possess  chemical 
stability,  that  is,  its  desirable  characteristics  should  n<* deteriorate 
with  time.  For  example,  radiation  from  the  sun,  especially  ultra¬ 
violet,  affeots  some  plastics.  The  subjeot  radome  could  be  made  to  ex¬ 
clude  ultraviolet. 

The  lens  material  must  possess  msohanlcal  stability.  It  must  not 
craok  or  craze  with  time  or  under  the  influence  of  changing  t^nperaturee. 
r/oldflow  or  creep  of  the  material  must  be  avoided. 

The  material  must  bo  homogeneous  and  isotropic,  for  otherwise  the 
performance  characteristics  of  the  lene  would  be  a  function  of  position. 


IV.  FABRICATION  TECHNIQUES 


To  appraise  the  Luneberg  problem  as  a  whole  and  to  predict  what  ita 
future  may  be,  it  is  fait  that  a  knowler!^  of  what  has  been  done  in  the  past 
ia  essential.  The  following  comments  ere  brief,  hit,  it  i--  hoped,  in¬ 
formative  . 

A,  Early  Attanpts 

1,  Shortly  after  world  War  II,  the  Antemr  laboratory  of  the  newly- 
formed  Air  Force  laboratory  in  Cambridge,  Mass,  (now  named  Air  Force 
Cambridge  Research  Center  (AFCRC)  and  located  at  Hansoom  Field,  Bedford, 
Hass.)  became  interested  in  techniques  for  fabricating  Lunebergs, 

Early  in  194?  a  contract  was  let  by  AFCRC  with  Case  Institute 
of  Technology  to  investigate  geode a io  surfaces  for  focussing  electromag¬ 
netic  waves.  In  this  case,  the  variation  in  c  is  simulated  by 
increaoed  path  length  for  the  rf  energy  traveling  in  the  TEM  mode  between 
parallel  plates.  The  result  of  this  study  was  the  "tin  hat,"  a  dome-like 
parallel-plate  region  as  illustrated  in  Pig, 7.  The  first  model  was  of 
plaster  of  n*rip,  16  inches  in  diameter,  built  in  1948.  Shergy  leaving 
the  feed  at  various  angles  traversse  geodesics,  paths  of  least  distance, 
to  the  semicircular  line  aperture.  This  design  had  mechanical  drawbacks, 
but  behaved  well  electrically .9  Since  then  various  other  laboratories 
have  improved  the  mechanical  design  by  using  alisflinun  spinnings,  until 
now  the  "tin  hat"  appears  practical  for  a  two-dimensional  lens. 

Bjr  1950  AFCRC  designed  and  built  another  type  of  two-dimensional 
Lane  berg.  The  lena  was  made  of  solid  dieleotrio  and  ao  shaped  that 
whan  placed  between  circular  parallel  plates  as  shown  in  Fig. 8,  the 
resulting  air-dielectric  combination  gave  the  desired  value  of  C  at 
any  one  point.  This  design,  although  it  neglected  the  trapping  effect 
of  the  solid  dielectrio,  gave  encouraging  results.  Faults  were  not 
published,  nor  was  the  design  improved. 

In  1951  AFCRC  built  a  two-dimensional  parallel-plate  Luneberg 
with  a  ovutinuously  varying  <  obtained  by  compressing  a  properly 
shaped  mound  of  foamed  polystyrene.  This  technique  was  then  extended 
to  produce  a  t!irr  i-dimensional  Luneberg  by  using  a  number  of  compressed 
dielectric  layers  of  the  correct  size  and  with  the  proper  variation  of 
dielectrio  constant.  This  technique  was  not  too  promising,  largely  be¬ 
cause  the  foamed  material  did  not  crush  'uniformly,  Tsst  results^  were 
reported  relatively  recently,  together  with  more  recent  reBiilta. 


^Flne,E.C. ,  "The  Metal-Plate  Analogue  of  a  Luneberp  Lens,"  NRL  Report 
"Proceedings  of  the  Third  3ymposlum  on  Scanning  Antennas, "p.30,  1950 

10Cortrun,F..W,,  <ljtman,A.S. , Hiatt, R.F..,  "The  luneberg  Lens  of  Continuous¬ 
ly  Varying  E4el«otric  Constant,"  A7CRC-TR-54-103,  Oct  1954 


2  To  the  hoso  of  the  authors'  knowledge,  the  first  three-dimensional 
Luneherg  was  built  at  Hughes  Aircraft  Company,  Culver  City,  Cali^nU, 
about  1950.  It  consisted  of  a  number  of  concentric  hemispherical  shells 
rtf  ’rtoriatfc  e.  The  shells  were  turned  on  a  lathe  from  blocks  of 

*  report  of  re.^  was  made  avaiUbl., 
and’  it  is  presumed  that  the  lens  was  unsuccessful  for  the  reason  stated 
above. 

1  The  first  three-dimensional  lens^  to  have  some  measure  of 
success  was  conceived  and  built  at  the  Airborne  Instruments  laboratory, 

Inc  Kineola.  Long  Island.  This  13-inch  diameter  lens  consisted  of 
Inc.,  Mineola,  ujng  80  dispersed  throughout  a  supporting 

foamed^polystyrens  material  to  produce  approximately  the  desired  variation 
4  A  novel  feed  vm*  utilized*  with  scanning  through  360 

accomplished  by  rf  svdtohing. 

,  Early  efforta  at  the  Havnl  Itesearch  Laboratory  were  directs 
toward* the  obstruction  of  two-dimensional  wneVwrgs.  bhe  first 
type  of  lens  oonstruoted,  variation  of  «  was  obta^d  ly  wingth 
wl^guidt  effect  on  the  rf  energy.  As  sketohedinFig.9,  the  B-vector 
„r  -#■  e-,rgy.  is  paral1*!  to  the  plates,  so  that  -he  vel®0*** 
oWMaatina  its  function  of  plate  separation  and  the 
oolites  Energy  leaving  the  feed  follows  paths  of  least  time,  so 
thatPthls  lens  ls*similar  in  that  rsspeot  to  the  geodesic  ana.ogue  of 
to  toto  ~nSo£f~rll.r.  IU.  Ito  performed  »  Ptoltod  to 
was  reported  U  in  tha  literature. 

An  attempt  was  also  made  to  develop  a  material  covering  the 
,  .  ■  f  approximate  the  lens  by  hand-forming  a 

small  number  of  oonoentrio  annular  rings.  Atthattimethecinly^ 

li  ^e  r^tor  coipounding’ani  the  effort  failed  aue  to  -xoeseiv^ 
losses  in  the  higher  dielectric  constant  materials.  No  report  was 
made  of  these  lenses. 

5.  Several  laboratories  tried  by  chemical  means  to  fo^di- 

eleotrlos  to  prto»  to Ttod  ‘  to  Slotod  dl- 

attempts  at  "foaming  uniformly  bad.  This  technique 

«•*  «• 

mrl.tl.il  In  €  to  not  ton  totot.ll  .pprortotol. 


"Spherl^l  tunoto,  Lto..,"  ®L  R^ort  #4000,  p.99.  1951 
12p  .  n  n  M  /archer.  D.H.,  "A  Two-Dimensional  Luneberg  Lens," 

Propagation,  Vol.AP-2,^3,  July  W54  (Same  authors  and  title) 


Fig*  9  -  T£i  q  Mod*  Luneberg,  Coin- 
pr*u*d  of  Dielectric  -Filled  Almott- 
Paraii*!  Flat** 


3.  Ourrent  Attempts 


1.  Several  laboratories,  including  tho  Naval  Research  Labcratoiy, 
have  fabricated  material  for  a  Luneberg  leua  by  creating  voids  in  a  sheet 
of  solid  dielectric  material.  Although  two-dimensional  lenses  have  been 
fabricated  this  way,  the  technique  does  not  seem  a  praotioal  one  to  ex¬ 
tend  to  the  construction  of  three-dimensional  lenses. 

2.  The  various  potential  usee  of  the  Luneberg  lens  have  become  so 
well  known  by  now  that  several  commercial  companies  are  trying  to  develop 
new  plastics  for  possible  applications.  Briefly,  theee  approaches  are 

as  follows l 

a.  Sxaandabjd  folvstvrana  Beads,  fly  mixing  partially 
expa:  ded  beads  with  a  higher  dieleotric  constant  material  in  proper 
proportion/!  a  dry  mixture  capable  of  moulding  is  ot rained.  This  tech¬ 
nique  was  used  successfully  in  fabricating  the  ls-inoh  sphere  for  this 
laboratory.' 

b.  Dielectric  Loading.  This  technique  is  similar  to  that 
above,  except  a  binder  is  used  to  hold  the  two  different  dielectrics 
together.  Lenses  fabricated  in  this  maimer  have  not  been  entirely 
satisfactory.  Tho  radiation  pattern  of  such  a  lens  varied  with  soan 
angle,  thus  indicating  inhomogeneit.iec  in  the  lens. 

C.  fttrfllUO  tflidlag.  Th«  idea  here  is to  add  j-tmlllc  ■ duat 
to  increase  the  dielectric  constant  of  a  ve?7  lightweight  materiel 
without  increasing  the  lose  or  permeability,  Ordinary  fabrication 
techniques  introduce  anisotropy,  so  that-  special  techniques  have  been 
devised  to  add  the  metallic  dust  without  introducing  preferred 
orientation*,  of  the  particles.  Experimental  lenses  fabricated  with 
suoh  material  have  shown  high  losses  and  poor  radiation  patterns, 

3,  The  most  signific&r  and  premising  technique  new  being  ex¬ 
plored  iu  the  use  of  artificial  dlelsctrios.  An  artificial  dieleotrlo 
is  a  configuration  of  oetallio  objects,  small  compared  to  the  wavelength 
of  the  operating  rf  energy  but  large  compared  to  the  molecules  of  s 
natural  disleoVrio.  These  metal  objects  when  placed  in  an  electromag¬ 
netic  field  become  polarised,  i.e.,  have  poles  induced  on  their  surfaces, 
and  thus  ersats  an  alectroaagftstio  fisld  o f-  thsir  own  vhioh  did  not 
exist  previously.  This  newly  created  field  reacts  with  the  rf  field 
which  produced  it,  producing  an  effect  much  like  that  of  a  dielectric 
material. 

Tor  certain  simple  object  shapes  euch  as  spheres  or 
cylinders,  this  "artificial"  dielectric  effect  is  calculable.  A  theo¬ 
retical  and  experimental  investigation  of  this  effect  produced  by  thin 
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pins  were  made  a\.  this  laboratory,  Using  the  results,  a  two-dimens tonal 
luneoerg  was  designed  and  fcuilt.1^  Test  results  showed  the  lens  to  have 
radiation  pattern,  antenna  gain,  and  impedance  characteristics  as  expected 
from  lens  theory. 

An  extension  of  tha  above  to  three-  limensiona  was  out  short  ly 
the  demands  of  the  military  draft  and  departure  oi  personnel  to  oanmeroisl 
laboratories. 

4.  Recent  work  with  dioleotric  materials  to  modify  their  properties 
by  high  intensity  radiation  shows  a  ewe  promise  of  developing  suitable  lens 
materials.  The  Chemistry  Division  at  this  laboratory  has,  for  example, 
solidified  aoui  of  the  silicones  with  radiation  fror<  a  cobalt  60  source. 


V.  CONCLUSIONS 

At  the  present  time  small  two-dimensional  ai orovavn  Luneberg  lenses 
can  be  v>i±lt  using  (l)  variable  dielectric  material  between  parallel 
plates,  12)  constant  dieleotrio  material  between  properly  shaped  platen, 

(3)  the  geodesle  analogue  of  the  "tin  hat”,  or  (4)  artificial  dielectrics 
between  parallel  plates.  Suall  three-dimensional  microwave  lenses  can  bo 
built  usii  x  expandable  polystyrene  beads.  It  may  be  possible  to  use 
techniques  other  than  the  above,  but  feasibility  has  not  bean  demonstrated* 
The  word  small,  used  to  describe  lens  size  above,  is  meant  to  be  about  3 
feet  maximum  at  the  present  stats  of  the  art,  lens  size  decreasing  with  rf 
wavelength  due  to  excessive  loss  in  the  dielectric. 

There  are  applications  also  for  a  large  two-  or  three-dimensional 
luneberg  at  UHF.  Lens  size  would  be  In  some  oases  in  excess  of  one  hundred 
feet.  It  is  obvious  that  the  meahanioal  problem  is  oiw  of  great  com¬ 
plexity,  In  looking  over  all  possible  approaches  to  this  problem,  one  is 
led  to  conclude  that  the  most  promising  and  perhaps  only  approach  is 
through  the  use  of  artificial  dielectrics.  Sinoe  the  wavelength  to  be 
used  is  about  a  meter,  the  metallic  objects  may  be  several  inches  in  ex¬ 
tent.  Fabrication  techniques  for  ths  obstacles  and  construction  teol*» 
nlques  for  the  lens  need  to  be  surveyed  anew. 

Applications  of  the  luneberg  lens  liave  been  few,  despite  the  unique 
advantages  offe»'ed.  "Ms  slow  progress  Is  aue  entirely  to  a  lack  of 
suitable  materials  and  practical  design  techniques.  The  future  of  the 
luneberg  lens  is,  however,  promising  and  progress  is  accelerating  due 
to  the  Increasing  number  and  diversity  of  efforts  being  put  to  bear  on 
the  problem. 


^Peeler,  G.D.M.,  Reuse,  M.L.,  "A  TW-Dimensional  Pin  Luneberg,"  NRL 
Report  In  Process  of  Writing 
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